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a b s t r a c t 
Myelin water imaging techniques based on multi-compartment relaxometry have been developed as an important 
tool to measure myelin concentration in vivo, but are limited by the long scan time of multi-contrast multi- 
echo acquisition. In this work, a fast imaging technique, termed variable flip angle Echo Planar Time-Resolved 
Imaging (vFA-EPTI), is developed to acquire multi-echo and multi-flip-angle gradient-echo data with significantly 
reduced acquisition time, providing rich information for multi-compartment analysis of gradient-echo myelin 
water imaging (GRE-MWI). The proposed vFA-EPTI method achieved 26 folds acceleration with good accuracy 
by utilizing an efficient continuous readout, optimized spatiotemporal encoding across echoes and flip angles, as 
well as a joint subspace reconstruction. An approach to estimate off-resonance field changes between different 
flip-angle acquisitions was also developed to ensure high-quality joint reconstruction across flip angles. The 
accuracy of myelin water fraction (MWF) estimate under high acceleration was first validated by a retrospective 
undersampling experiment using a lengthy fully-sampled data as reference. Prospective experiments were then 
performed where whole-brain MWF and multi-compartment quantitative maps were obtained in 5 min at 1.5 mm 
isotropic resolution and 24 min at 1 mm isotropic resolution at 3T. Additionally, ultra-high resolution data at 
600 μm isotropic resolution were acquired at 7T, which show detailed structures within the cortex such as the 
line of Gennari, demonstrating the ability of the proposed method for submillimeter GRE-MWI that can be used 
to study cortical myeloarchitecture in vivo . 
1. Introduction 
Myelin is a membrane structure around nerve fibers that enables effi- 
cient conduction of action potential ( Hildebrand et al., 1993 ). Myelina- 
tion is an important process for brain development ( Wang et al., 2009 ), 
and demyelination is associated with many neurodegenerative disor- 
ders such as multiple sclerosis ( Filippi et al., 2016 ). Therefore, stud- 
ies of myeloarchitecture of the human brain could help us gain further 
understanding of its functional organization ( Amunts and Zilles, 2015 ; 
Paus, 2018 ). 
There has been a strong interest in the development of non-invasive 
methods to measure the myelin content in the human brain. MRI myelin 
water fraction imaging (MWI) ( Mackay et al., 1994 ) provides an impor- 
tant non-invasive tool to measure in vivo myelin water content, which 
has been demonstrated to have good correlation with histopathological 
myelin measurement ( Laule et al., 2008 ; Laule et al., 2006 ; Webb et al., 
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2003 ). MWI is conventionally performed using multi-echo spin-echo se- 
quence and multi-compartment modeling to analyze the myelin water 
concentration based on different T 2 relaxation times of myelin and other 
tissue compartments ( Mackay et al., 1994 ). As an alternative approach 
to multi-echo spin-echo approach, multi-echo gradient-echo sequence 
with multi-compartment T 2 
∗ decay analysis has been proposed (GRE- 
MWI) ( Du et al., 2007 ) and demonstrated to provide a myelin water 
measurement that is in good agreement with the spin-echo approach 
( Alonso-Ortiz et al., 2018 ). In comparison to the conventional approach, 
the GRE-based method achieves lower specific absorption rate (SAR) 
and higher data acquisition efficiency by avoiding the use of refocusing 
pulses. These advantages allow GRE-MWI to achieve higher isotropic 
spatial resolution in a reduced timeframe and to be more applicable at 
ultra-high field systems (e.g., 7T) ( Shin et al., 2019 ). 
A number of refinements has been made to GRE-MWI in recent 
years, including the use of a complex-value signal model for improved 
multi-compartment T 2 
∗ analysis ( Nam et al., 2015b ; Sati et al., 2013 ; 
https://doi.org/10.1016/j.neuroimage.2021.117897 
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Fig. 1. (A) The diagram of 3D GE-EPTI sequence, and the graphic illustration of the block-wise sampling of each EPTI readout in the k y - k z - t space. Readout dimension 
( k x ) is omitted in all the figures. (B) Illustration of the temporal-variant CAIPI sampling, where odd and even echo-sections have different sampling patterns to create 
complementary sampling of k y - k z encodes over time. (C) The sampling pattern in each block for different FAs are also designed to be complementary for better 
reconstruction accuracy. 
van Gelderen et al., 2012 ), B 0 field inhomogeneity correction to com- 
pensate for signal dephasing ( Alonso-Ortiz et al., 2017 ; Lee et al., 
2018a ), and physiological noise correction to address the respiration in- 
duced phase errors ( Nam et al., 2015a ). To further improve the accuracy 
of myelin water fraction (MWF) estimate, an extended complex-value 
GRE-MWI model was recently developed ( Chan and Marques, 2019 ; 
Chan and Marques, 2020 ). In this approach, multi-echo GRE datasets are 
acquired with variable flip angles (vFA), where the added T 1 sensitivity 
can be used for better signal separation and to avoid the overestimation 
of MWF, since myelin water has a shorter T 1 than other water compo- 
nents. Even though the quality of myelin water imaging is significantly 
improved by these recent developments, the slow imaging speed due 
to the requirements of high SNR and multi-echo acquisition for multi- 
compartment analysis still remains a major challenge. The T 1 -corrected 
GRE-MWI with vFA acquisition improves the conditioning of myelin es- 
timation Chan and Marques (2020) , but further prolongs the acquisition 
time. The slow acquisition of MWI limits the achievable spatial reso- 
lution and its application in both clinical and neuroscience research. 
Currently, GRE-MWI is typically performed at a relatively low spatial 
resolution of 1.5 mm to 2 mm ( Lee et al., 2018b ; Shin et al., 2019 ). 
Such resolution is not adequate for the analysis of myelination within 
the cortex, hence, in-vivo studies of cortical myeloarchitecture have so 
far been limited to the use of single-compartment quantitative model 
or contrast-weighted images ( Glasser and Van Essen, 2011 ; Haast et al., 
2016 ; Lutti et al., 2014 ; Marques and Gruetter, 2013 ; Marques et al., 
2017 ; Weiskopf et al., 2015 ). 
Echo planar time-resolved imaging (EPTI) ( Dong et al., 2019 ; 
Wang et al., 2019a ) is an efficient multi-shot EPI acquisition technique 
for multi-contrast and quantitative imaging, which not only achieves 
distortion- and blurring-free imaging, but also resolves hundreds of 
T 2 /T 2 
∗ -weighted images across the EPI readout. The recent extension 
of EPTI to 3D volumetric encoding with 3D-EPTI ( Dong et al., 2020 ; 
Wang et al., 2019b ) further improves its acquisition efficiency for multi- 
parametric quantitative mapping at high spatial resolution. In this study, 
we developed a novel imaging technique based on 3D-EPTI, termed 
variable flip angle EPTI (vFA-EPTI), in order to acquire multi-echo and 
multi-flip-angle GRE-MWI data with significantly reduced acquisition 
time. To enable good reconstruction performance and SNR at very high 
accelerations, a new spatiotemporal sampling strategy and a joint sub- 
space reconstruction for multi-echo multi-FA acquisition were devel- 
oped. The extended complex 3-compartment model for myelin water 
fraction imaging with T 1 correction Chan and Marques (2020) was uti- 
lized for MWF estimation. Enabled by the high acceleration achieved us- 
ing the proposed method, whole-brain MWF, proton density (PD), and 
multi-compartment T 1 & T 2 
∗ maps can be acquired simultaneously in 
5 min at 1.5 mm isotropic resolution and in 24 min at 1 mm isotropic 
resolution at 3T. Moreover, a 600 μm isotropic dataset was also acquired 
at 7T to demonstrate the ability of the proposed method for cortical 
myelination analysis. 
The example codes of reconstruction and representative results have 
been made publicly available, which can be download at https://github. 
com/zijingd/VFA-EPTI and https://figshare.com/articles/dataset/VFA- 
EPTI_Datasets/13211669 . 
2. Material and methods 
2.1. 3D vFA-EPTI acquisition 
A 3D gradient-echo (GE) EPTI acquisition ( Dong et al., 2020 ) is used 
to acquire multi-echo T 2 
∗ -weighted images with high acquisition effi- 
ciency. Fig. 1 A shows the sequence diagram of the 3D GE-EPTI acquisi- 
tion. After each excitation pulse, a continuous 3D-EPTI readout is per- 
formed with multiple phase-encoding (PE) lines, where each PE line is 
represented by a filled circle in the k y - k z - t space as illustrated in the 
bottom-left plot. Within each TR, a large block of k y - k z encoding is 
acquired using a highly under-sampled spatiotemporal CAIPI encoding 
pattern that allows the missing data to be effectively recovered by tak- 
ing advantage of both coil sensitivity and temporal correlation between 
signals ( Dong et al., 2020 ; Wang et al., 2019a ). Such k y -k z block encod- 
ing with EPI readout provides a high gain in acquisition efficiency than 
standard multi-echo GRE acquisition, where a single k y -k z encoding is 
repeatedly acquired across the echoes in each TR. The bottom-right of 
Fig. 1 A shows the block sampling of EPTI in k y -k z space, where different 
blocks are sampled across TRs to fill the full 3D k-space. 
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To improve the reconstruction performance at high accelerations 
(i.e., larger k y -k z block sizes), a temporal-variant spatiotemporal CAIPI 
encoding is implemented ( Fig. 1 B), where different echo sections within 
each EPTI readout are encoded with different CAIPI patterns to pro- 
vide complementary k -space information ( Dong et al., 2020 ). For the 
proposed variable flip angle 3D GE-EPTI sequence, the complementary 
k - t encoding strategy is further extended across flip angles ( Fig. 1 C) 
to improve the performance. Since the T 2 
∗ decay of myelin water is 
very short, the minimum echo times (TE) are reduced by using non- 
selective excitation pulses. To estimate the coil sensitivity and an initial 
off-resonance map ( B 0 map) for image reconstruction, a low-resolution 
k - t calibration dataset is also acquired only once before the first FA ac- 
quisition. 
2.2. Multi-compartment relaxometry model (MCR) 
The multi-compartment relaxometry (MCR) model Chan and Mar- 
ques (2020) which extends the complex-value 3-compartment GRE-MWI 
model ( Nam et al., 2015b ; van Gelderen et al., 2012 ) to account for the 
multi-compartment T 1 effect, is used as a representative application of 
the proposed acquisition method. In the standard complex-value GRE- 
MWI model, three water pools: myelin water (MW), axon water (AX) 
and extracellular water (EX), have three different amplitudes ( 𝐴 ), T 2 
∗ , 
and frequency offsets ( 𝜔 ), which can be represented by ( Nam et al., 
2015b ): 
𝑆 ( 𝑡 ) = 
(
𝐴 𝑀𝑊 𝑒 
𝑖 𝜔 𝑀𝑊 𝑡 𝑒 
− 𝑡 ∕ 𝑇 ∗ 2 ,𝑀𝑊 + 𝐴 𝐴𝑋 𝑒 𝑖 𝜔 𝐴𝑋 𝑡 𝑒 
− 𝑡 ∕ 𝑇 ∗ 2 ,𝐴𝑋 
+ 𝐴 𝐸𝑋 𝑒 𝑖 𝜔 𝐸𝑋 𝑡 𝑒 
− 𝑡 ∕ 𝑇 ∗ 2 ,𝐸𝑋 
)
𝑒 𝑖 ( 𝜔 𝑏 𝑡 + 𝜃) , (1) 
where 𝜔 𝑏 is the background off-resonance frequency, and 𝜃 is the initial 
background phase. 
To correct for the multi-compartment T 1 -weighting effect, the T 1 of 
different water pools can be estimated from the vFA acquisition. The 
steady-state signal of a spoiled GRE sequence for a single pool is: 
𝐴 = 𝑀 0 sin 𝛼
1 − 𝑒 − 𝑇𝑅 ∕ 𝑇 1 
1 − cos 𝛼𝑒 − 𝑇𝑅 ∕ 𝑇 1 
, (2) 
where 𝑀 0 is the proton density of the water and 𝛼 is the flip angle. To 
estimate multi-compartment T 1 relaxation, axon water and extracellu- 
lar water are assumed to have the same T 1 in each voxel based on the 
observation ( Chan and Marques, 2020 ; Oh et al., 2013 ), with myelin 
water having a relatively shorter T 1 value. Thus, two pools are assumed 
in the longitudinal relaxation model: the free water (axon and extra- 
cellular water) pool and the myelin sheath pool. An extended phase 
graph method for systems with magnetization transfer and exchange 
( Malik et al., 2018 ) is also included in the model to account for the ef- 
fect of inter-compartment magnetization exchange in Eq. 2 . The full for- 
malisms of the MCR and the Bloch-McConnell equations governing the 
longitudinal magnetization can be found in Chan and Marques (2020) . 
2.3. Joint subspace reconstruction with multi-compartment modeling 
To reconstruct the highly-undersampled multi-echo multi-FA data 
acquired by 3D vFA-EPTI acquisition, a joint subspace reconstruction 
framework is developed in this study. The low-rank subspace method 
Liang (2007) is a powerful approach that has enabled good reconstruc- 
tion for highly undersampled k-t data across a number of MR applica- 
tions ( Dong et al., 2020 ; Guo et al., 2019 ; Guo et al., 2020 ; Lam and 
Liang, 2014 ; Meng et al., 2020 ; Peng et al., 2018 ; Tamir et al., 2019 ). 
The subspace approach has also been used to obtain simultaneous ac- 
quisition of metabolites, myelin water fraction and tissue susceptibil- 
ity recently ( Li et al., 2019 ). The main advantage of the subspace ap- 
proaches for multi-contrast image reconstruction is that the number of 
unknowns is significantly reduced by using the prior knowledge of the 
low-rank property of signal evolutions, and higher acceleration and im- 
proved SNR can therefore be achieved. The subspace method is also rela- 
tively robust to partial volume and multi-compartment effects compared 
with strict model-based approaches ( Dong et al., 2018a ; Sumpf et al., 
2011 ). In this work, we extend the concept of subspace reconstruction to 
3D vFA-EPTI with the goal of achieving fast and robust high-resolution 
myelin water imaging. In order to improve the accuracy of myelin water 
estimation, the MCR model is incorporated in the subspace reconstruc- 
tion to preserve the complex multi-compartment signal evolution. 
As shown in Fig. 2 , the complex signal evolutions across different 
FAs and TEs are simulated based on the MCR model with a wide tissue- 
parameter range, including proton densities, T 2 
∗ , frequency offsets and 
T 1 of different pools as well as B 1 . Temporal subspace bases ( 𝜙) are then 
extracted from the simulated signals through principal component anal- 
ysis (PCA). Then, instead of estimating all the multi-echo images, the 
coefficient maps of bases ( 𝑐) are estimated in the subspace reconstruc- 
tion by ( Dong et al., 2020 ): 
min 
𝑐 
‖𝑈𝐹 𝑆𝐵𝜙𝑐 − 𝑦 ‖2 2 + 𝜆𝑅 ( 𝑐 ) . (3) 
Here, B is the background phase evolution across different echoes 
and FAs, including the initial background phase and the phase caused 
by the B 0 inhomogeneity, which is estimated for each FA described be- 
low. S denotes the coil sensitivity, F represents the Fourier transform, 
U is the undersampling mask, and y is the acquired EPTI signals in k - 
space. 𝑅 ( 𝑐) is the locally low-rank regularization of coefficients to fur- 
ther improve the SNR, and 𝜆 is the control parameter of the regular- 
ization. After solving 𝑐, all the images can be generated by 𝜙𝑐. In this 
work, 18 subspace bases were selected which can represent the full sim- 
ulated signal space with an error < 0.5% to ensure accurate recovery of 
the multi-compartment signals. After reconstructing the complex signal 
evolutions, multiple quantitative parameters can be estimated using the 
MCR model, including MWF, multi-compartment PD, T 1 and T 2 
∗ . 
To ensure accurate joint reconstruction across FAs, background B 0 
field changes across different FA acquisitions (due to e.g. drifts) which 
act to modify the complex signal evolution are incorporated into the 
reconstruction. To estimate this B 0 field changes, an initial subspace re- 
construction is performed for each of the FA acquisitions. In this initial 
reconstruction, the background B 0 changes between -50 to 50 Hz are 
simulated in the basis generation, allowing the extracted bases to repre- 
sent this range of B 0 phase change across echoes. The low-resolution B 0 
map estimated from the calibration data is used in the reconstruction, 
and updated high-resolution B 0 maps can be obtained after this initial re- 
construction by a linear fitting of the image phase. The subspace-based 
B 0 estimation provides faster computation than the previously devel- 
oped phase-cycling B 0 -estimation method ( Dong et al., 2020 ; Ong et al., 
2018 ) by avoiding iteratively updating magnitude and phase. Since 
the aim of this step is to estimate an accurate background B 0 , mono- 
exponential signal model with T 2 
∗ decay and B 0 phase change is used 
to limit the increase in the number of subspace bases due to additional 
B 0 phase modeling. Moreover, since the T 1 modeling is not needed in 
this reconstruction for single FA datasets, only 6 bases were used which 
can represent the T 2 
∗ decay and changed B 0 phases with an error < 1%. 
2.4. Data acquisition 
All data were acquired with a consented institutionally approved 
protocol, and each experiment was performed with a single subject 
(N = 1). All the 3T experiments were implemented on a Siemens Prisma 
3T scanner with a 32-channel head coil (Siemens Healthineers, Erlan- 
gen, Germany), and the 7T experiment was conducted on a Siemens 
Magnetom Terra 7T scanner (Siemens Healthineers, Erlangen, Germany) 
using 32-channel phased array receive coil with a single RF transmis- 
sion channel (Nova Medical, Wilmington, MA). Non-selective Gaussian 
excitation pulse was utilized to shorten the minimum TE and reduce 
SAR. The readout gradient was applied along the head-foot (HF) di- 
rection. Spectrally-selective fat suppression was used for all the exper- 
iments to suppress the fat signal. For each experiment, a B 1 map was 
acquired using a turbo flash (TFL) sequence, which took about 1 min at 
2.25 × 2.25 × 3 mm 3 resolution whole brain. The resulting B 1 map was 
3 
Z. Dong, F. Wang, K.-S. Chan et al. NeuroImage 232 (2021) 117897 
Fig. 2. The graphic illustration of the subspace basis generation for vFA-EPTI using multi-compartment relaxometry (MCR) model. In the MCR model, three water 
pools: myelin water (MW), axon water (AX) and extracellular water (EX) are modeled to have different amplitudes, T 2 
∗ , and frequency offsets. For longitudinal 
relaxation modeling, two water pools are assumed: free water (axon and extracellular water) pool and myelin sheath pool. Using the MCR model and a wide range 
of parameters, complex signal evolutions across different TEs and FAs of the vFA multi-echo acquisition can be simulated, and PCA is performed on the simulated 
signals to extract the complex subspace bases. 
fitted by a 5 th -order 3D polynomial function to remove residual anatom- 
ical features and then employed for B 1 correction in the fitting process 
of the GRE-MWI model. Head motion was restrained using foam pil- 
lows in all the experiments. Since the imaging protocols were targeting 
at different acceleration factors and spatial resolutions, their encoding 
patterns were not the same. The key parameters of the acquisition are il- 
lustrated below, and more details of the encoding patterns can be found 
at https://github.com/zijingd/VFA-EPTI , where encoding patterns of all 
the experiments and example MATLAB codes to generate the k - t encod- 
ing are provided. 
Experiment 1. : 2.4 mm retrospective undersampling experiment at 3T 
Fully-sampled multi-echo multi-FA 3D GRE data were acquired to 
evaluate the accuracy of the proposed vFA-EPTI technique by com- 
paring the reconstruction results from retrospectively undersampled 
data to the fully-sampled reference. The acquisition parameters were: 
FOV = 212 × 174 × 224 mm 3 (Anterior-Posterior (AP), Left-Right (LR), 
HF), matrix size = 88 × 72 × 94 ( k y – k z – k x ), TE range = 1.5 ms–32.7 ms, 
echo spacing (ESP) = 0.52 ms, number of echoes = 61, TR = 47 ms, 8 
flip angles were acquired (5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, same for 
all the experiments), and the total acquisition time was 40 min. 
Using this data, synthesized vFA-EPTI data were generated through 
retrospectively undersampling the k - t space by a reduction factor of 
26 × using the temporal-variant k - t CAIPI sampling pattern. Here, 
R = 26 × was achieved by a variable density sampling pattern to in- 
crease SNR efficiency, where the central region of k -space (40 k y × 32 
k z ) was undersampled at R = 16 and the outer region at R = 32. Further- 
more, to provide comparison to the current state-of-the-art approach, 
an additional undersampled dataset was generated using a 2D CAIPI 
sampling pattern and reconstructed by SPIRiT reconstruction Lustig and 
Pauly (2010) . Here, a lower acceleration factor of 8 ( R = R y × R z = 4 × 2) 
was used to ensure good reconstruction performance. 
To evaluate the performance of the proposed method, the recon- 
structed images as well as the derived quantitative maps were com- 
pared against those obtained from the fully-sampled dataset. Addition- 
ally, for the vFA-EPTI, the improvements in MWF estimate through the 
use of (i) multi-compartment modeling in the subspace reconstruction, 
(ii) complementary sampling across different FAs, (iii) joint subspace 
reconstruction, were evaluated in further details using fully-sampled 
dataset as the gold standard. Here, the MWF estimated from the joint 
subspace reconstruction with multi-compartment bases and complemen- 
tary sampling was compared with the estimates from using (i) single- 
4 
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compartment subspace bases, (ii) identical sampling across FAs, and (iii) 
separate subspace reconstruction for each FA, respectively. 
2.4.1. Experiment 2: 1.5-mm acquisition at 3T 
A 5-minute vFA-EPTI protocol at 1.5 mm isotropic resolution was 
designed targeting at potential clinical use. A validation dataset was ac- 
quired using the following parameters: FOV = 216 × 174 × 216 mm 3 , 
matrix size = 144 × 116 × 144, TE range = 1.3 ms–35.1 ms, 
ESP = 0.72 ms, number of echoes = 48, TR = 50 ms, number of 
dummy TRs for each FA = 20, and reduction factor = 26 ( R = 16 
for central 72- k y × 60 -k z , R = 32 for outer k-space). The acquisi- 
tion time for each FA was 34 s, and the total acquisition time was 
~5 min for 8 FAs, which includes the time for a short calibration scan. 
The low-resolution calibration data were acquired with the same FOV 
and ESP to obtain the coil sensitivity and an initial estimation of B 0 
maps. To accelerate the acquisition of the calibration data, the outer 
k-space was undersampled and reconstructed using the fully sampled 
k-space center. The key acquisition parameters of the calibration data 
were: matrix size = 48 × 36 × 144, fully-sampled k -space center re- 
gion = 12 × 12 × 144, acceleration factor along k y and k z at outer k- 
space = 2 × 2, number of echoes = 8, and TR = 20 ms. The net ac- 
celeration factors of k y and k z were 1.6 and 1.5 respectively. The total 
acquisition time for the calibration data was 14.4 s. 
2.4.2. Experiment 3: 1-mm acquisition at 3T 
1-mm isotropic resolution data were acquired to evaluate the per- 
formance of the proposed method for high-resolution MWI at 3T. The 
acquisition parameters were: FOV = 210 × 176 × 210 mm 3 , matrix 
size = 208 × 172 × 210, TE range = 1.6 ms–53.7 ms, ESP = 0.93 ms, 
number of echoes = 57, TR = 69 ms, number of dummy TRs for each 
FA = 20. A smaller acceleration factor of 13 ( R = 8 for central 96- 
k y × 84 -k z , R = 16 for outer k-space) was used to increase the SNR for 
this high-resolution scan. The acquisition time for each FA was 3 min, 
and the same 8 FAs were acquired, resulting in a total acquisition time 
of 24 min. A calibration dataset was also acquired in 18 s: TR = 25 ms, 
matrix size = 48 × 36 × 210, and the undersampling parameters were 
the same as those for the 1.5 mm data. 
2.4.3. Experiment 4: 600-μm acquisition at 7T 
Ultra-high-resolution data were acquired at 600 μm isotropic reso- 
lution using vFA-EPTI to validate the ability of the proposed method 
for high-resolution GRE-MWI at 7T. This dataset was acquired with 
the following parameters: FOV = 210 × 173 × 210 mm 3 , matrix 
size = 352 × 284 × 350, TE range = 2 ms–52.4 ms, ESP = 1.2 ms, number 
of echoes = 42, TR = 65 ms, dummy TRs for each FA = 30. A reduction 
factor of 13 was used to improve SNR ( R = 8 for central 168- k y × 136 -k z , 
R = 16 for outer k-space). The acquisition time for each FA was 8 min- 
utes and 22 s, and the total acquisition time was 67 min. The additional 
acquisition time for the calibration data was 1 min 40 s, where 7 echoes 
were acquired with TR = 21 ms. Other key parameters of the calibra- 
tion scan were: matrix size = 134 × 96 × 350, and the net acceleration 
factors of k y and k z = 1.7 and 1.6. 
In addition to performing multi-compartment reconstruction and 
analysis on this data, single-pool reconstruction and analysis for T 1 
and T 2 
∗ relaxation was also performed to assess the feasibility of using 
vFA-EPTI for fast single-pool quantitative mapping. With the single-pool 
model, the number of basis needed to provide good signal representa- 
tion in the subspace reconstruction is 7, which is much lower than the 
18 needed in the multi-compartment model. This enables the use of only 
3 FAs (10°, 20°, 35°) for single-pool reconstruction, corresponding to a 
total scan time of ~25 min. 
2.5. Data processing and analysis 
For image reconstruction, first, the phase difference between odd and 
even echoes in the raw k -space data was corrected by a linear phase cor- 
rection similar to ghost correction in EPI. The parameters for this linear 
phase correction were calculated from the multi-echo central k-space 
signals in the calibration data. Subsequently, the subspace reconstruc- 
tion was applied to recover the multi-echo multi-FA images from the 
highly-undersampled data. The subspace reconstruction was performed 
using the alternating direction method of multipliers (ADMM) algorithm 
( Boyd et al., 2011 ), with a stop criterion in a maximum iteration = 60. 
After this reconstruction, a local subvoxel-shifts method ( Kellner et al., 
2016 ) was applied to mitigate the Gibbs ringing artifacts of the recon- 
structed images, except for the 7T submillimeter high-resolution exper- 
iment in consideration of avoiding potential blurring. The MWF and 
quantitative multi-compartment parameters, including PD, T 2 
∗ , T 1 and 
frequency offsets of different water pools, were estimated in all the ex- 
periments using the MCR model with B 1 correction, which is available 
at https://github.com/kschan0214/mwi.git ( Chan and Marques, 2020 ). 
All data processing was performed using MATLAB (MathWorks, Natick, 
MA). 
For the high resolution 7T dataset, cortical surface analysis was also 
performed to investigate the myeloarchitecture within the cortex. Cor- 
tical surfaces of the gray-white matter border and GM-CSF border were 
estimated using FreeSurfer Fischl (2012) with the recon-all pipeline on 
the synthetic T 1 -weighted images. The synthetic T 1 -weighted images 
were generated using a T 1 map obtained through a single pool fitting 
of the same vFA data, so there is no spatial mismatch between the de- 
rived quantitative parameters and the extracted surface segmentations. 
FreeSurfer was used to generate ten intermediate intra-cortical surfaces, 
which were then applied to MWF and T 1 maps to investigate cortical 
profiles across different depths. 
3. Results 
The performance of vFA-EPTI was first evaluated through the 2.4 mm 
retrospective undersampling experiment at 3T ( Experiment 1 ). Fig. 3 a 
shows the results of the estimated background B 0 changes across the 
different FA acquisitions, obtained through an initial subspace recon- 
struction. The image on the top row is the B 0 map from the first flip- 
angle acquisition at FA = 5 °. The B 0 changes (relative to the B 0 map 
at FA = 5 °) calculated from fully-sampled data of the subsequent FA 
acquisitions are shown in the second row as the reference, and the es- 
timated B 0 changes from the 26 × retrospectively undersampled EPTI 
data are shown in the third row. The difference maps shown in the 
fourth row demonstrate the high accuracy of the estimated B 0 changes 
for all FAs, which validates the effectiveness of the initial B 0 estima- 
tion using the subspace method. By correcting the B 0 changes in the 
joint subspace reconstruction, higher accuracy of MWF estimation was 
achieved as shown in Fig. 3 b. Fig. 4 shows a comparison of the fully- 
sampled data and the vFA-EPTI data reconstructed using joint subspace 
reconstruction at R = 26, without Gibbs ringing artifacts correction. The 
reconstructions of the fully-sampled data (first row) and the EPTI (sec- 
ond row) are almost identical, with small differences in both magnitude 
(third row) and phase (third row) across the images at different FAs and 
TEs, presumably originated from noise and Gibbs ringing. The Gibbs 
ringing artifacts are less prominent in the EPTI images due to the effect 
of the locally-low rank constraint in the subspace reconstruction. By us- 
ing vFA-EPTI method with an acceleration factor of 26, the acquisition 
time can be reduced from 40 min to 1 min and 32 s. 
Fig. 5 shows high consistency of the estimated quantitative param- 
eters in the MCR model calculated from the fully-sampled images (top 
row) with those from the reconstructed images using vFA-EPTI (sec- 
ond row). The difference maps of the quantitative parameters between 
vFA-EPTI and the fully sampled data, and between the 2D CAIPI un- 
dersampling with SPIRiT reconstruction and the fully-sampled data are 
also shown in the third and fourth row respectively. Smaller differences 
are observed using vFA-EPTI despite being 3 × higher in acceleration 
when compared to the 2D CAIPI case, with mean percentage error (MPE) 
10.2% ± 7.6% vs. 15.0% ± 10.6%. In addition, Fig. S1 in the Supple- 
mentary Information shows the estimated MWF maps from the proposed 
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Fig. 3. Evaluation of the estimated changes in the B 0 field across different FA acquisitions ( Experiment 1 ). ( a ) The top image shows the B 0 map at FA = 5°. The B 0 
changes relative to the B 0 map at FA = 5° calculated from the fully-sampled data (first row), and the estimated B 0 changes from the 26 × retrospectively undersampled 
vFA-EPTI data (second row) are similar with small differences (third row). ( b ) Comparison of the accuracy of MWF estimation with and without B 0 change correction 
in the joint subspace reconstruction. The difference maps are magnified by a factor of 2. MPE: mean percentage error. 
Fig. 4. Comparison of the fully-sampled reference data and the reconstructed vFA-EPTI images at R = 26 ( Experiment 1 ). The magnitude images, the difference 
maps of the magnitude (magnified by × 5) and the phase at four representative FAs and TEs are shown. The differences between the reconstructed images and 
the reference images are small and mostly noise like. However, the acquisition time is significantly reduced from 40 min to 1 min and 32 s by using the proposed 
vFA-EPTI acquisition. 
method (second column), joint reconstruction with single-compartment 
subspace bases (third column), identical sampling across FAs (forth col- 
umn), and separate subspace reconstruction for each FA (fifth column). 
Larger errors are shown in the cases of single-pool basis (MPE = 12.8% ± 
10.0%), identical sampling (MPE = 13.0% ± 11.4%), and separate sub- 
space reconstruction (MPE = 12.9% ± 10.0%) (yellow arrows), demon- 
strating that the advantages of using complex model, complementary 
sampling and joint reconstruction in the proposed method in improving 
the accuracy of MWF estimation (MPE = 10.2% ± 7.6%). 
The estimated MWF and multi-compartment quantitative parameters 
of the 5 min 1.5 mm isotropic acquisition ( Experiment 2 ) using vFA-EPTI 
at R = 26 is shown in Fig. 6 . The estimated MWF in the white-matter 
areas are of relatively higher values when compared to the gray mat- 
ter areas as expected. Moreover, the highly-myelinated fiber bundles 
including the cingulum, genu and splenium of corpus callosum, corona 
radiata and optic radiation (red arrows) can be observed in the MWF 
maps, which demonstrates the ability of this fast protocol to obtain re- 
liable MWF maps. An ROI analysis of MWF is provided in Table S1, 
which shows consistent values with the previous literature that utilized 
a multi-gradient-echo acquisition with T 1 correction ( Chan and Mar- 
ques, 2020 ), and lower values than previous GRE-MWI studies without 
T 1 correction ( Alonso-Ortiz et al., 2018 ; Shin et al., 2019 ). Additional 
analysis of the multi-compartment fitting including the fitted and raw 
signal evolutions, and MWF estimation using different number of echoes 
are provided in Fig. S2. 
Fig. 7 shows the axial and sagittal views of the estimated MWF, T 1 
of free water, T 2 
∗ of axon water and total proton density obtained from 
the 1 mm isotropic acquisition at 3T, with R = 13 ( Experiment 3 ). The 
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Fig. 5. The estimated quantitative parameters from the fully-sampled reference data and vFA-EPTI ( R = 26) using the MCR model ( Experiment 1 ). The difference 
maps (magnified by a factor of × 3) were calculated using the fully-sampled data as the gold-standard. MWF and the other quantitative parameters estimated from 
vFA-EPTI appear to have lower errors than 2D CAIPI sampling with SPIRiT ( R = 8), even when vFA-EPTI used a three times higher acceleration factor. 
Fig. 6. The estimated MWF and multi- 
compartment quantitative parameters of the 
5 min 1.5 mm isotropic acquisition using vFA- 
EPTI at R = 26 at 3T ( Experiment 2 ). The es- 
timated MWF in the white-matter areas show 
relatively higher values than in the gray mat- 
ter, and the highly-myelinated fiber bundles 
including the cingulum, genu and splenium 
of corpus callosum, corona radiata and optic 
radiation (red arrows) can be observed in the 
MWF maps. 
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Fig. 7. Representative axial and sagittal images of the estimated MWF, T 1 of free water, T 2 
∗ of axon water and total proton density acquired at 1 mm isotropic 
resolution in 24 min at 3T with R = 13 ( Experiment 3 ). All the images show good quality at this high spatial resolution on 3T. The delineation of the fiber bundles 
(e.g., corpus callosum, optic radiation) in the MWF maps are improved compared to the results from the 1.5 mm dataset due to the increased resolution, and the 
gray-white mater boundary is clearly delineated in the T 1 map of free water. 
total acquisition time across the 8 FAs was 24 min, with whole-brain 
coverage. All the estimated quantitative maps show good image quality, 
with improved delineation of the fiber bundles in the MWF maps when 
compared to the 1.5 mm dataset due to the increased resolution. The 
estimated T 1 map of free water also presents with clearer gray-white 
mater boundaries at this resolution. 
The ultra-high-resolution data were acquired at 600 μm isotropic 
resolution at 7T using vFA-EPTI ( Experiment 4 ) to validate its potential 
for submillimeter MWI. As can be seen in Fig. 8 , the B 0 off-resonance 
at 7T is much larger than at 3T, and the B 0 changes across the different 
FA acquisitions are also larger as reflected by the estimated B 0 changes 
obtained from the initial subspace reconstruction ( Fig. 8 bottom row). 
The dataset acquired later also shows a larger change than the dataset 
acquired earlier (e.g., FA 30 ° vs. FA 10 °). The top row of Fig. 8 shows 
the reconstructed images from a joint subspace reconstruction that has 
not incorporated in these B 0 changes, where image artifacts and signal 
dropout can be observed in areas of large B 0 changes in the anterior part 
of the brain (zoomed-in areas, yellow arrows). With the incorporation 
of the B 0 changes into the joint subspace reconstruction, these artifacts 
are well mitigated as shown in the second row of Fig. 8 . 
Fig. 9 a shows the quantitative maps estimated by multi- 
compartment analysis using 8 FAs at 600 μm isotropic resolution, 
and more MWF images are shown in Fig. S3. Fig. 9 b shows the 
quantitative T 1 and T 2 
∗ maps that were obtained from the single 
pool reconstruction and analysis using data from only 3 FAs, where 
the maps show good quality and high SNR. The T 1 map is used to 
synthesize a T 1 -weighted image for surface extraction, and the surface 
segmentation was then applied to the multi-compartment quantitative 
maps for analysis ( Fig. 9 c). Fig. 10 b&c zooms in on the T 1 and MWF 
maps in the calcarine sulcus area (dashed square in Fig. 10 a). In the T 1 
map, the line of Gennari can be seen as hypo-intense bands around the 
central cortical depth (red arrows). The line of Gennari is also visible 
in the MWF map as green bands with higher values (red arrows), 
however, they are less well-defined due to the limited SNR of the MWF 
at this ultra-high resolution. The values of T 1 and MWF across different 
cortical depths at a sampled area depicted by the red circle in Fig. 10 b 
are plotted in Fig. 10 d&e, showing a decrease in T 1 and an increase in 
MWF around the central depth of the cortex (blue window) as expected 
from the higher myelination in the line of Gennari. The same cortical 
depth analysis was also performed in the motor cortex area, the results 
of which are shown in Fig. S4. Here a relatively homogeneous T 1 and 
continuously decreasing MWF across the central cortical depth are 
observed. These observations demonstrate the ability of using EPTI at 
submillimeter resolution to study myeloarchitecture within the cortex. 
4. Discussion 
The proposed vFA-EPTI acquisition with joint subspace reconstruc- 
tion achieved fast acquisition of multi-echo multi-FA GRE data for GRE- 
MWI and multi-compartment analysis. The retrospective undersampling 
experiment demonstrated the accurate estimation of MWF and other 
quantitative maps using vFA-EPTI at a high undersampling rate of 26 × . 
Several in-vivo experiments were performed under different spatial res- 
olutions targeting at different applications: the 5 min protocol at 1.5 mm 
isotropic resolution at 3T aims at clinical use to study demyelinating dis- 
eases, the 24 min protocol at 1 mm isotropic resolution at 3T and the 1 h 
protocol at 600 μm isotropic resolution at 7T are designed for studying 
myeloarchitecture of the brain in vivo . All of these vFA-EPTI protocols 
were able to produce high quality whole brain MWF maps, with clear 
white matter bundles, while achieving significant scan time reduction 
and/or increased spatial resolution. Only a limited number of subjects 
have been scanned in this preliminary study to evaluate the performance 
of the method, and more scans and repeatability tests ( Hanspach et al., 
2021 ) will need to be conducted for further validation. 
The increased efficiency and reduced scan time of vFA-EPTI are 
achieved by taking advantage of continuous readout, spatial-temporal 
CAIPI encoding, and improved conditioning of joint subspace recon- 
struction. The selection of flip angles in this study is not optimized, 
and further optimization would further improve the SNR of MWF es- 
timation. In addition, incorporation of approaches to improve B 1 ho- 
mogeneity at 7T, and employment of additional constraints in the re- 
construction could also provide further improvements. An example of 
valid constraints that have been demonstrated, but not explored in 
this manuscript, is the addition of diffusion information and advanced 
modelling ( Chan and Marques, 2020 ). This could have a particularly 
large impact on the higher resolution protocols, and would benefit from 
8 
Z. Dong, F. Wang, K.-S. Chan et al. NeuroImage 232 (2021) 117897 
Fig. 8. Evaluation of the B 0 change estimation and correction in the 600 μm 7T experiment ( Experiment 4) . The B 0 off-resonance (right figure) and changes across 
FAs (bottom row) are much larger at 7T when compared to those at 3T ( Fig. 3 ). The uncorrected joint subspace reconstruction shows noticeable artifacts in the 
zoomed-in areas (top row, yellow arrows). After incorporating the B 0 changes into the joint reconstruction, these artifacts are well mitigated, leading to improved 
accuracy of the images. 
Fig. 9. Results of the 600-μm 7T experiment ( Experiment 4). (a) Quantitative maps estimated using multi-compartment analysis with 8 FAs. (b) T 1 and T 2 
∗ map 
estimated using single pool analysis with only 3 FAs. (c) Surface extraction was performed on the synthesized T 1 -weighted images which was then applied to the 
quantitative maps. 
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Fig. 10. The zoomed-in T 1 (b) and MWF (c) maps in the calcarine sulcus area shown in a dashed square (a). The line of Gennari can be seen as hypo-intense bands 
in the middle of cortical thickness (red arrows in (b)) in the T 1 map, and as green bands with higher values (red arrows in (c)) in the MWF map. The values of T 1 
and MWF at a sampled area (red circle in b) across different cortical depths are plotted in (d) and (e). Error bars are the standard deviations over all profiles for 
each location. In the middle cortical depth region (blue window), T 1 shows a decreased value and MWF shows an increased value that correlate with the higher 
myelination level of the line of Gennari. 
some of our recent developments in high-resolution diffusion imaging 
( Setsompop et al., 2018 ; Wang et al., 2018 ). In the subspace reconstruc- 
tion, using less bases can reduce the number of unknowns and improve 
the image SNR. However, this could also lead to loss of information if 
the selected bases cannot fully represent the signal space. In this study, 
18 bases were selected that could represent the full simulated signal 
space with an error < 0.5% and provide a good balance between the 
accuracy and the SNR. For the single-pool analysis, the model used in 
bases generation is simplified, and the number of bases can be reduced 
(e.g., 7 instead 18 bases) to improve the image SNR. 
The proposed initial B 0 estimation is an important step to improve 
the image quality especially at 7T where the B 0 variation is much 
larger. The results in Fig. 3 and 8 demonstrated the effectiveness of 
the proposed B 0 estimation and correction. Physiological noise correc- 
tion within each FA acquisition could be applied to further improve 
the image quality and accuracy of the quantitative analysis ( Nam et al., 
2015a ). The significant acceleration introduced by EPTI inherently re- 
duces the sensitivity of MWI to subject motion, but it could still be 
challenging for high-resolution acquisition. Motion estimation could 
be introduced retrospectively using each FA dataset as a self-navigator 
( Dong et al., 2018b ; Wang et al., 2018 ) or extra navigator acquisition 
with higher updating rates Gallichan and Marques (2017) . Prospec- 
tive motion correction methods can also be used ( Maclaren et al., 
2013 ; Todd et al., 2015 ) with less impact to the current reconstruction 
pipeline. Other effects such as eddy-current across different gradient 
echoes could be modeled in the future study. 
To our knowledge, the 600 μm isotropic resolution dataset acquired 
at 7T is the highest resolution MWI that has been performed in vivo so 
far, and the line of Gennari observed in the MWF map preliminarily 
demonstrates the possibility of using MWF as a more specific measure- 
ment of myelin content in the cortex. However, the visualization of these 
detail structures using MWF is still unfavorable compared to single-pool 
T 1 , and further evidence (e.g., histology) would be necessary to vali- 
date the reliability of using MWF to study cortical myelination. More- 
over, the ill-conditioned nature of multi-compartment analysis requires 
much longer data acquisition than the single-pool model to achieve the 
same SNR level. More dot-like low MWF values can be observed under 
high spatial resolution, which could be noise-related errors in model 
fitting due to the lower image SNR. Hence, single-pool analysis is still 
more practical for high resolution imaging of the cortex even though 
it is less specific to myelin water content. Note that although MWF has 
been shown to have a good correlation with myelin density ( Laule et al., 
2006 ), it is still an indirect measure of the myelin content that is a pa- 
rameter calculated from a biophysical model and should not be inter- 
preted as a gold-standard measurement. 
EPTI differentiates itself from other quantitative imaging approach 
such as MR fingerprinting (MRF) ( Ma et al., 2013 ) through its seamless 
integration of continuous EPI-based readout and optimized spatiotem- 
poral encoding to help achieve high acquisition efficiency. In addition, 
cutting-edge MWI models can be easily combined with EPTI to obtain 
more parameters of interest such as frequency offsets, since these models 
are developed based on more conventional sequences of which we can 
directly incorporate EPTI into. Although it is a challenge to directly ap- 
ply such advanced MWI models to MRF, several studies have also been 
conducted recently to combine MRF with a multi-compartment dictio- 
nary matching for MWF estimation ( Chen et al., 2019 ; Hamilton et al., 
2016 ; Nagtegaal et al., 2020 ) showing promising results. 
In this study, an extended complex GRE-MWI model with T 1 cor- 
rection was used as an example of the application of vFA-EPTI for 
multi-compartment analysis. The proposed acquisition can also be ap- 
plied to other GRE-MWI models ( Nam et al., 2015b ; Song et al., 2020 ; 
van Gelderen et al., 2012 ), and to single-pool quantitative mapping 
as we have shown in Fig. 9 and 10 . Moreover, the EPTI acquisition 
with subspace reconstruction can be easily adopted to other types of se- 
quence such as spin-echo or gradient-and-spin-echo (GRASE) ( Oshio and 
Feinberg, 1991 ; Prasloski et al., 2012 ) sequence for T 2 -based multi- 
compartment analysis, or combined with preparation pulses to obtain 
additional information such as magnetization transfer contrast which is 
also related to myelin. 
5. Conclusions 
The proposed vFA EPTI method with joint multi-compartment sub- 
space reconstruction achieved high acceleration with good accuracy, 
providing a powerful technique for multi-compartment analysis and mi- 
crostructural imaging at high spatial resolution. Whole-brain MWF, pro- 
ton density, multi-compartment T 1 , T 2 
∗ maps can be acquired simulta- 
neously in 5 min at 1.5 mm isotropic resolution and 24 min at 1 mm 
isotropic resolution at 3T. Moreover, high resolution data at 600 μm 
isotropic were acquired at 7T, demonstrating the potential of the pro- 
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posed method for submillimeter GRE-MWI to study cortical myeloarchi- 
tecture in vivo . 
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